The association of nitric oxide (NO) with cardiovascular disease has long been recognized and the extensive research on this topic has revealed both pro-and anti-atherosclerotic effects. While these contradictory findings were initially perplexing recent studies offer molecular mechanisms for the integration of these data in the context of our current understanding of the biochemistry of NO. The essential findings are that the biochemical properties of NO allow its exploitation as both a cell signaling molecule, through its interaction with redox centers in heme proteins, and an extremely rapid reaction with other biologically relevant free radicals. The direct reaction of NO with free radicals can have either pro-or antioxidant effects. In the cell, antioxidant properties of NO can be greatly amplified by the activation of signal transduction pathways that lead to the increased synthesis of endogenous antioxidants or down regulate responses to pro-inflammatory stimuli. These findings will be discussed in the context of atherosclerosis.
Introduction
tive stress, contributes to vascular dysfunction and lesion development in the disease [1, 2] . Recently, studies of the The concept that antioxidants play an important role in molecular mechanisms involved in combating oxidative or the atherosclerotic process is a natural corollary of the nitrosative stress have shown that the classification of hypothesis that oxidative stress, or more recently nitrosamolecules as antioxidants is not as simple as demonstrating a direct chemical or 'scavenging' reaction with a free radical or oxidant with additional roles as modulators of NO in vascular diseases is the identification of cell M / s), resulting in the formation of peroxynitrite (ONOO ) signaling pathways that are regulated by NO and impact [15, 18] . It was originally thought that this reaction may be significantly on the atherosclerotic process. These include a mechanism to prevent superoxide dependent cytotoxicity. signaling events that affect concentrations of cellular However, this view has not been supported by subsequent antioxidants, modulate cell proliferation or death and studies and the more complex picture that has emerged regulate the response of cells to pro-inflammatory stimuli.
will be discussed in detail. Of particular note is the 2 Some of these processes are mediated by activation of emerging concept that although ONOO is reactive and soluble guanylate cyclase (sGC) and these aspects have chemically unstable in molecular terms a biological halfbeen discussed in a number of excellent reviews [16, 17] .
life of seconds is not an impediment for a role as a However, once the contributions from the sGC pathway cell-signaling molecule. A similar termination reaction have been accounted for it is clear that other NO-depenoccurs between NO and LOO (k52310 M / s) [19, 20] . dent cellular pathways contribute to the antioxidant propHowever, the biological effects of these two reactions are erties of this molecule and serve as the focus of this generally viewed as being opposite, with formation of reaction with LOO and another fatty acid which forms a lipid hydroperoxide (LOOH) and re-generates a LOO . Lipid peroxyl radicals can also be formed by decomposition of LOOH in reactions catalyzed by transition metal ions (e.g. copper or iron) either free or in the form of heme proteins (e.g myoglobin LOO scavenging antioxidant is a-tocopherol which can react with one LOO to form the corresponding tocopheroxyl radical (a-toc ). In turn, the a-toc ? ?
can scavenge another LOO allowing a maximum of two LOO to be scavenged by a-tocopherol (in the absence of other co-antioxidants). The other product of these reactions however, is LOOH, accumulation of which renders the lipids to subsequent oxidation mediated by metal ions and heme proteins.
?
NO also inhibits lipid peroxidation by reacting with LOO . The possible reactions that ensue are shown, however, a calculated stoichiometry of 2 moles of ? NO consumed per mole of LOO indicates that LONO or LONOO are reaction products. Importantly, inhibition of lipid peroxidation by NO is diffusion limited and does not result in LOOH formation which results in protection of the lipids to the potential oxidation mediated by metals and heme proteins.
Based on the approximate concentrations of NO and a-tocopherol in vivo and the corresponding rate constants for reaction with LOO , calculations ?
indicate that in vivo NO will be a more significant scavenger of LOO than a-tocopherol. 2.1. Nitric oxide and oxygen based radicals found in human atherosclerotic lesions [33] [34] [35] . This also suggests that both termination and initiation reactions are
2
The relevance of ONOO formation to biological occurring in the lesion. A characteristic of free radicals is systems was recognized in the early 1990s and a role in the that termination reactions in which two free radicals react atherogenic process was suggested soon after [9] [10] [11] [12] 15] .
together to form a non radical species are often extremely 2 Currently, ONOO is best considered as a prototype rapid, a fact highlighted by the diffusion limited rate 2 reactive nitrogen species (RNS) with a particular role to constants for the reaction between NO and either O and 2 play in the early development of the atherosclerotic lesion peroxyl radicals [18, 19] . Termination reactions are the [21] . These ideas have been derived from studies showing most likely control point for suppression of lipid oxidation the presence of markers of reactions mediated by RNS in by NO in the extracellular environment. Lipid oxidation atherosclerotic lesions, namely 3-nitrotyrosine [10] [11] [12] . In reactions must start by the formation of a radical species 2 addition to nitration reactions ONOO is also an oxidant from a non-radical fatty acid precursor. This can be that can transform low-density lipoprotein (LDL) into a achieved by abstraction of a H atom from the bis-allylic pro-atherogenic form [9, [22] [23] [24] . This includes oxidation of bond of an unsaturated fatty acid to form an alkyl radical ? both lipids and apoB resulting in a particle taken up by (L ) (Fig. 2) [36] . In principal NO could react with the scavenger receptors that ultimately leads to cholesterol alkyl radical. However, oxygen also reacts with this deposition in macrophages [25] . Furthermore, an early species at diffusion limited rates and given the substantialevent in lesion development appears to be a shift in the ly higher (10-100 times) concentrations of oxygen relative production is enhanced by the activation or transcriptional reaction can also occur with preformed lipid peroxides that regulation of enzymes that produce this oxidant (e.g.
could originate from the reaction of enzymes such as NAD(P)H oxidases) and pathways capable of consuming 15-lipoxygenase [37] . In this case the decomposition of NO appear to be up-regulated in vascular disease [28, 29] .
pre-existing lipid hydroperoxides by transition metals or 2
In either case increased ONOO mediated oxidative heme proteins occurs forming both alkoxyl and peroxyl damage is likely to occur and accumulate. It should be noted however, that recent evidence indicate that a number of mediators can mediate nitration and oxidation reactions in atherosclerotic lesions including reactions of enzymes such as myeloperoxidase with nitrite [30, 31] .
?
The reaction of NO with LOO is similar to the reaction 2 with O in that it is also a termination reaction. In this 2 context, this reaction is viewed as beneficial as it results in cessation and inhibition of lipid peroxidation reactions [6] [7] [8] 20] . This is analogous to the classical antioxidant effects of a-tocopherol towards inhibition of LDL oxidation, although as discussed later, on a molar basis NO is more efficient.
The termination reactions of NO with free radicals can also occur with radical species that are intermediates in enzymatic processes. In this case NO has the potential to regulate the formation of pro-inflammatory products from enzymes such as the lipoxygenases and cyclooxygenases [32] . The reaction mechanisms between NO and peroxyl radicals and the effects these have on lipid peroxidation are discussed in the following section.
Thiols (RSH) can generate S-nitrosothiols (RSNO) via a direct reaction radicals (Fig. 2) [38] [39] [40] . This reaction is the basis of the lipoprotein; NO is freely diffusable and partitions into the frequently used copper oxidation of low density lipoprotein lipid phase [45] and this reaction is inhibited by NO [8, 41] .
After formation of LOO this species is capable of regenerating itself in an autocatalytic reaction known as 5. The reaction of NO with peroxyl radicals in lipid peroxidation. This is the amplification phase of the lipoxygenase reaction and in biological systems this is usually terminated by antioxidants that donate a hydrogen atom or an A number of enzymes use controlled oxygenation electron such as a-tocopherol [42] . Although this mechareactions to produce second messengers and recent data nism suppresses lipid propagation reactions, a lipid peroxsuggests that at least one of these, 15-lipoxygenase, plays ide and antioxidant free radical are side products (Fig. 1) .
an important role in the atherosclerotic process [46, 47] . This can present a problem because the slow accumulation Several pieces of evidence indicate a role for this enzyme of these so called seeding lipid peroxides renders a in promoting atherosclerosis. For example, in vitro incubalipoprotein progressively more susceptible to metal and tion of lipoxygenase with LDL results in oxidative modiheme protein-dependent oxidation and the antioxidant fication of the latter and this has been suggested to be a radical can reinitiate peroxidation if not scavenged.
mechanisms for cell-dependent oxidative damage to the The importance of these low concentrations of 'seeding' lipoprotein [48, 49] . Also, lipoxygenase mRNA was found lipid peroxides is that they may underlie the finding that to co-localize with epitopes for oxidized protein-lipid LDL isolated from risk groups for atherosclerosis are more adducts in atherosclerotic lesions [50] . Furthermore, apoEsusceptible to oxidation by copper (see references in Ref.
deficient mice in which the lipoxygenase gene was dis- [43] ). Nitric oxide is quite different to a-tocopherol in this rupted failed to show significant development of atheros-? respect and reacts with LOO in two steps. Initially NO clerotic lesions compared to control animals [47] . Analysis undergoes a termination reaction with organic peroxyl of the time course of lesion formation indicated that radicals to form a non radical species that has some of the lipoxygenase has a key role in initiation of the disease. The characteristics of peroxynitrites [19] . This unstable intercatalytic cycle for lipoxygenases is now understood in mediate then consumes NO in an additional step before some detail and the insertion of peroxide group into a fatty formation of what is presumed to be a stable organic acid substrate involves an intermediate alkyl and peroxyl nitrate. This mechanism explains the finding that two NO radical bound to the iron atom in the active site [51] . This ? molecules are required to scavenge one LOO [20] . process then has the potential for interaction with NO at either the metal center or the fatty acid derived radical intermediates. Evidence for both reactions has been presented in the literature but the interactions with the metal 4. Scavenging of lipid peroxyl radicals: NO verses acenter can only be detected at high non-physiological tocopherol concentrations of NO [52] . Two other sites of interaction of NO were recently identified involving lipid and possibly As mentioned above two molecules of NO are conprotein intermediates [32] . The activation of 15-lipoxygen-? sumed for every LOO radical scavenged [20] . This is less ase requires a lipid peroxide to bind to the protein and this ? favorable than a-tocopherol which can scavenge two LOO is associated with oxidation of the inactive ferrous nonper molecule. However, this disadvantage is offset by the heme iron center to the active ferric form [37] . The lipid ?
fact that the reaction of NO with a LOO is approximately peroxide is not changed during the process and this 10 000 times faster than the same reaction of a-tocopherol suggests a protein radical is formed during the activation with lipid peroxyl radical [20, 42] . The net result is that a step. In support of this finding a molecule of NO is also low concentration of NO is far more efficient in scavengconsumed but this does not appear to result in inhibition. the early stages of atherosclerosis is that the consumption tion as 20 mM a-tocopherol [20] . This has important of NO is competitive with activation of sGC [32] and it is ramifications in the context of a vessel where NO is hypothesized that this may contribute to the observed loss continually generated and is consistent with the observaof NO-dependent regulation of vessel tone during tion that in the presence of an NO donor, loss of aatherogenesis [26, 27] . Although the 15-lipoxygenase hytocopherol is 'spared' in an experimental model of LDL pothesis has been developed in the context of LDL oxidation [44] . A further advantage of NO as an antioxidation these data serve to emphasize the importance of oxidant over a-tocopherol is that its availability is not cell signaling pathways regulated by free radicals in the limited by the transport of a hydrophobic moiety via the atherosclerotic process. It seems likely that an important However, the product from lipoxygenase oxidation of fatty studies suggest a cytoprotective role for NO and O 2 2 acids is a specific stereoisomer that is found to be only interactions via the production of ONOO [57, 58] . These modestly elevated in human atherosclerotic lesions over are discussed in more detail later. the random products formed from non-enzymatic lipid peroxidation [34] . Clearly another oxidant (or oxidants) is also contributing to peroxidation of lipids in the pro-
Formation of NO donors from nitration and
2 inflammatory environment of the developing lesion. Peroxynitrosation reactions of ONOO nitrite is particularly interesting in this respect, since it is 2 one of the few oxidants capable of initiating lipid peroxi-
The direct addition of preformed ONOO to biological dation in the presence of biological antioxidants such as systems has shown an interesting spectrum of effects that a-tocopherol and ascorbate [22] [23] [24] The relative rates of synthesis of NO and O appear to what is available for ONOO to react with. The molecular 2 vary dramatically during the course of the atherosclerotic identification of these species has shown that with thiols an process as does the site and source of production of these S-nitro or S-nitroso group can be added to the molecule two free radicals. This is important since it has been shown [59] [60] [61] [62] [63] . For example with glutathione, S-nitrosogthat a critical parameter in determining the extent of lutathione is one of the products formed. With alcohol oxidation and nitration reactions in biological systems is functional groups the product is an organic nitrate or nitrite 2 the balance between NO and O [6], which is dependent [60, 65] . With glycerol the mononitrated metabolites of the 2 upon both processes that produce and remove these clinically used nitrovasodilator, glycerol trinitrate were species. A slight excess of NO appears to be capable of identified in addition to a novel glycerol mononitrite as strategy the addition of exogenous NO will restore the introduction of ONOO into the circulation of experimenbalance in favor of NO and inhibit the amplification due to tal animals including the rapid development of tachpropagation of lipid peroxidation reactions. In support of yphylaxis or tolerance [66, 67] . this concept NO donors protect endothelial cells from Formation of NO donors is of particular interest since oxidative damage elicited by oxidized LDL and as disthey potentially offer a mechanism for the production of cussed below this is a potential detoxification mechanism NO at a cell surface within an extracellular environment for RNS [7, 54] .
that is pro-inflammatory and pro-oxidant.
S-nitrosothiols 2
Since the relevance of ONOO formation to biological appear to be central in these effects since they can be 2 systems was realized, many studies have documented the formed directly by ONOO , but also have been proposed cytotoxic potential of this RNS [55] . However, an alteras intermediates in the NO donor actions of organic nitrites 2 native point of view on the role of NO / O interactions in and nitrates (Fig. 2) . Furthermore, emerging data indicate 2 vivo has been expressed by some investigators. The that cell specific mechanisms that reduce S-nitrosothiols to NO exist [68] [69] [70] . In addition, S-nitrosation (and subwere observed in platelets where the NO-dependent antisequent S-thiolation) of critical cysteine residues can platelet properties were evident at low concentrations of 2 modulate protein function and examples of such mecha-ONOO with oxidation of thiols only detectable at much nisms in regulating specific cell signaling pathways have higher levels [61] . It is important to recognize that in cell been reported [71] [72] [73] (Fig. 2) . Thiols are important signaling intracellular location and the formation of dis-2 mediators of ONOO reactivity because of their relatively crete signaling domains composed of complexes of many high concentrations in both the extra-and intracellular proteins are known to be important. For example, in the compartments and also because they are important case of eNOS the association of the enzyme with subcellumodulators of S-nitrosothiol biology [69, 74] . It follows lar structures known as caveoli modulate NO production in that the thiol status in the vasculature may then be a factor response to a wide range of agonists [80] . The significance 2 in determining the response to ONOO . In this respect a of the specific cellular location of the NOS enzymes to recent study has shown that in hypercholesterolemic redox signaling is an area that we know relatively little 2 rabbits the main intracellular thiol antioxidant, glutathione about. However, if reactive molecules such as ONOO 2 (GSH), is depleted and the detrimental effects of ONOO play a role in signal transduction having the 'receptor' on vascular function accentuated [75] .
closely located to the site of formation may be a mechaIt should be noted that not all NO donors formed from nisms to endow specificity to the signaling cascade.
2 the reaction with ONOO require metabolism to release NO. A compound is formed from the reaction with urate appears to decompose in solution at a slow rate with the 8. NO-dependent regulation of cell signaling release of NO [76] . It is important to note that while the pathways that could inhibit atherosclerosis chemical efficiency of the nitration and nitrosation reactions is probably only a few percent, in biological terms
As a further elaboration of the hypothesis that thiol the effects are amplified if NO is a metabolic end product.
content is a major determinant of NO function in the Indeed low nM concentrations of NO are generally suffivasculature, it has been shown NO can induce GSH cient to activate the soluble guanylate cyclase pathways synthesis in both endothelial and vascular smooth muscle and this concentration of NO can be readily achieved from cells [81, 82] . This is a potentially important supplement to 2 the reactions of ONOO with thiols and other molecules the antioxidant functions of NO associated with scavengcapable of acting as precursors to NO donors [59, 65, 77] .
ing of oxygen radicals, and can have the effect of short The biological dominance of the nitration and nitrosaterm exposure to NO having long term effects on vascular tion reactions over oxidation is a current theme emerging function. Nitric oxide increases intracellular GSH con-2 in our understanding of the effects of ONOO in physiocentration by induction of g-glutamylcysteine synthetase logical systems. It is also concordant with the biochemical (GCS), the rate-limiting enzyme of glutathione synthesis, ONOO , may derive from the fact that the ONOO shown to be independent of the classical cGMP-soluble derived NO donors can be transported into vascular guanylate cyclase signaling pathway. This is important smooth muscle cells or platelets and be metabolized to since in vascular lesions, smooth muscle cells adopt a release NO leading to activation of soluble guanylate synthetic phenotype and are incapable of mediating cGMPcyclase. In support of this argument a recent study has dependent signaling due to the down-regulation of the 2 shown that a potential cardioprotective effect of ONOO binding protein for cGMP, protein kinase G 1a [84] . That at low concentrations of 0.2-2 mM. Peroxynitrite exposure GSH synthesis is dependent on NO is further evidenced in decreased P-selectin expression and preserved endothelial vivo in a study, in which renal GCS activity is down-2 cell function [58] . Furthermore, formation of ONOO in regulated by 50% by chronic NOS inhibition in rats [85] . endothelial cells subjected to shear stress, an antiGlutathione appears to regulate NO production in a atherogenic stimulus, was implicated in the activation of reciprocal manner. In purified enzyme preparations of the mitogen activated protein kinase, JNK [57] . Whether iNOS and nNOS, GSH is needed for full enzyme activity 2 the mechanisms involved in ONOO dependent cell [86, 87] . N-acetylcysteine (NAC), a thiol antioxidant and a signaling include S-nitrosation or nitration of specific GSH precursor, has been shown to enhance interleukin-1b-proteins remains unclear, but are implicated by findings induced nitric oxide synthase expression in the vascular demonstrating that NO dependent modification of critical smooth muscle cells [88] . Furthermore, endothelial NO protein thiols affects function. Examples relevant to cell synthesis in impaired in glutathione-depleted endothelial signaling include p21ras and AP-1 [71] . Similar effects cells [89] .
Many characteristic pathophysiological findings in nitration of tyrosine or S-nitrosation of thiols is analogous atherosclerosis appear to be dependent on cellular thiol to phosphorylation or S-thiolation than specific receptors status. Impaired endothelium-dependent vasodilation in and enzymes to reverse these processes need to be sought. patients with coronary artery disease can be reversed by a Notwithstanding the incomplete nature of our knowledge non-thiol cysteine prodrug, L-2-oxo-thiazolidine carboxin this area, the current picture that is emerging suggests ylate (OTC), which is known to increase vascular GSH that the role of NO in the atherosclerotic endothelium may concentration [90, 91] . Similar effects of ascorbic acid may be understood by focussing on mechanisms related to the be accounted for the sparing of intracellular glutathione effects of reactive nitrogen species on cell signaling [92, 93] . Vascular smooth muscle cell proliferation induced, pathways. e.g. by growth factors such as PDGF, appears to be mediated by ROS and is inhibited by NAC [94] . NO, in turn, inhibits vascular smooth muscle cell proliferation Acknowledgements [95] . Nitric oxide inhibits activation of the redox sensitive transcription factor NF-kB in response to proinflammatory This work was supported by grants from the American cytokines which in turn prevents transcription of Heart Association, National Institutes of Health (HLchemokines such as monocyte chemoattractant protein-1 58031), American Diabetes Association, and Maud Kuis-(MCP-1) and the adhesion molecules VCAM-1 and ICAMtila Foundation (ALL). RPP is a Parker B. Francis Fellow 1 [96] [97] [98] . This is important in the early stages of in Pulmonary Research. atherogenesis where monocyte recruitment and binding to the endothelium is mediated by these inflammatory mediators.. As thiol antioxidants appear to have similar inhibReferences itory effects on NF-kB activation and subsequent induction of inflammatory genes, it is possible that NO functions by [101]. idea that NO-dependent modulation of redox sensitive and nitrosative stress in the vascular wall through both 
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